Abstract: Non-reciprocal phase shifters have been attracting a great deal of attention due to their important applications in filtering, isolation, modulation, and mode locking. Here, we demonstrate a non-reciprocal acoustic phase shifter using a simple acoustic waveguide. We show, both analytically and numerically, that when the fluid within the waveguide is biased by a time-independent velocity, the sound waves travelling in forward and backward directions experience different amounts of phase shifts. We further show that the differential phase shift between the forward and backward waves can be conveniently adjusted by changing the imparted bias velocity. Setting the corresponding differential phase shift to 180 degrees, we then realize an acoustic gyrator, which is of paramount importance not only for the network realization of two port components, but also as the building block for the construction of different non-reciprocal devices like isolators and circulators.
Introduction
Microwave phase shifters are two-port components that provide an arbitrary and variable transmission phase angle with low insertion loss [1] [2] [3] . Since their discovery in the 19th century, such phase shifters have found important applications in devices such as phased array antennas and receivers [4, 5] , beam forming and steering networks [6, 7] , measurement and testing systems [8, 9] , filters [10, 11] , modulators [12, 13] , frequency up-convertors [14] , power flow controllers [15] , interferometers [16] , and mode lockers [17] .
Various types of microwave phase shifters have been proposed and demonstrated over years, all of which can be fundamentally categorized into two groups: reciprocal and non-reciprocal phase shifters. Non-reciprocal phase shifters providing different phase shift for forward and backward waves, however, are of more importance especially when it comes to the realization of devices like gyrators [18] , isolators [19] , and circulators [20] , being critical for radar systems and networks.
In its most traditional form, a non-reciprocal microwave phase shifter is composed of a rectangular waveguide partially filled with a ferrite slab submitted to a magneto-static bias field [1] (see Figure 1a) . When the bias field is zero, the ferrite is demagnetized and the structure provides a reciprocal phase shift of j 0 for instance, being proportional to the length of the waveguide, for both forward and backward propagation. However, when the bias field is increased from zero, the ferrite slab starts magnetizing, giving rise to distinct and continuously variable phase shifts of j 1 and j 2 for forward and backward waves, respectively.
In contrast to electromagnetism, realizing a non-reciprocal phase shifter in acoustics is challenging as sound waves only weakly interact with magnetic fields [21] [22] [23] [24] [25] [26] [27] [28] [29] . Recently, proposals to break the conventional wisdom of sound reciprocity have been reported, of which most rely on non-linear mechanisms [30] [31] [32] [33] . Despite their applicability, these nonlinear structures accompany with unwanted Figure 1 . Concept of non-reciprocal phase shifters. (a) Schematic of a typical non-reciprocal phase shifter in microwave engineering. The device is composed of a waveguide that is partially filled with a ferrite slab on which a constant magnetic bias field is applied. The amount of differential phase shift between the forward and backward waves can be controlled by changing the magnetic field. (b) Acoustic equivalent of the microwave phase shifter shown in panel a. The structure consists of an acoustic waveguide that is filled with a fluid on which a velocity motion of is applied. The waveguide provides different phase shifts of and for forward and backward transmission, respectively.
A recent breakthrough, however, has opened exciting venues to break the reciprocity of acoustic waves in fully linear manners. In [22] , it was shown that applying a time-independent bias velocity to stationary fluids allows one to strongly break the time reversal symmetry and to induce acoustic non-reciprocity. This salient feature was then leveraged to demonstrate a subwavelength circulator in airborne acoustics, allowing audible sound to be coupled to a certain port, while isolating transmission in another.
On the basis of this idea, here we first demonstrate a fully linear non-reciprocal acoustic phase shifter. This is achieved in a simple acoustic waveguide that is filled with air on which a constant bias velocity is applied. Through analytical analysis and numerical simulations, we show how the proposed structure provides different phase shifts for forward and backward transmission. We further show that the associated differential phase shift can be simply tuned by changing the bias velocity. By setting a fluid bias velocity that corresponds to a differential phase shift of 180 degrees, we then implement an acoustic gyrator, which is an important two port component serving as the building block for a large variety of non-reciprocal acoustic devices such as isolators and circulators. We believe that our finding opens up exciting frontiers in the field of modern acoustic engineering shifter in microwave engineering. The device is composed of a waveguide that is partially filled with a ferrite slab on which a constant magnetic bias field is applied. The amount of differential phase shift between the forward and backward waves can be controlled by changing the magnetic field. (b) Acoustic equivalent of the microwave phase shifter shown in panel a. The structure consists of an acoustic waveguide that is filled with a fluid on which a velocity motion of n 0 is applied. The waveguide provides different phase shifts of j 1 and j 2 for forward and backward transmission, respectively.
On the basis of this idea, here we first demonstrate a fully linear non-reciprocal acoustic phase shifter. This is achieved in a simple acoustic waveguide that is filled with air on which a constant bias velocity is applied. Through analytical analysis and numerical simulations, we show how the proposed structure provides different phase shifts for forward and backward transmission. We further show that the associated differential phase shift can be simply tuned by changing the bias velocity. By setting a fluid bias velocity that corresponds to a differential phase shift of 180 degrees, we then implement an acoustic gyrator, which is an important two port component serving as the building block for a large variety of non-reciprocal acoustic devices such as isolators and circulators. We believe that our finding opens up exciting frontiers in the field of modern acoustic engineering for the design and realization of various innovative components, such as phase modulators, beam forming devices, switches, and frequency convertors.
Acoustic Phase Shifter
In this section, we focus our attention on realizing a non-reciprocal acoustic phase shifter that brings about different phase shifts for forward and backward waves. As a starting point, consider the geometry represented in Figure 1b consisting of an acoustic waveguide filled with air on which a velocity of n = n 0ŷ is assumed to be imparted. The overall length of the waveguide is supposed to be L = 7l = 73 cm, where is the wavelength of the operation. When the fluid inside the waveguide is stationary, i.e., when n 0 = 0, the signals travelling from the left to the right side of the waveguide acquire an overall phase shift of zero, as the waveguide length is a multiple of the wavelength. Similarly, sound waves injected into the right side of the waveguide are subject to an effective phase shift of zero when reaching the left side, which is consistent with the reciprocity of the device. When assuming a non-zero bias velocity motion (n 0 6 = 0), however, the frequency of the signals propagating from the left to the right is Doppler shifted by an amount of D f = n 0/l. Consequently, they obtain an additional phase shift of j 1 = 2pn 0 L cl (c is the speed of sound in the air) during their propagation (the red arrow in the figure). Figure 2a (the red line) illustrates the variation of j 1 versus the fluid velocity n 0 . The figure reveals that by changing the bias velocity, one can readily tune the overall phase shift that a signal obtains when passing through the waveguide. However, this is not something special by itself, as the same effect could be achieved by changing the length of the waveguide. The salient feature of the proposed structure becomes clear when we look at the propagation of the waves that travel in the opposite direction. In contrast to the previous case, the frequency of these types of signals is upshifted by an amount of D f = n 0/l with respect to the static frequency f 0 = c /l. The corresponding Doppler phase shift is therefore j 2 = 2pn 0 L cl in this case, which is negative of j 1 . Figure 2a (the blue line) plots the dependence of j 2 on the fluid motion velocity n 0 . It is evident that the motion of the fluid within the waveguide results in different phase shifts for forward and backward sound waves, making the structure non-reciprocal in phase. Notably, it was not possible to achieve such non-reciprocal behavior by solely changing the length of the waveguide. We further note that since there is no geometrical detour causing reflection or refraction, and since the amount of sound attenuation is quite low at the frequency of operation, the amplitude of the transmitted signals maintains almost the same value, regardless of the propagation direction. One can therefore express the scattering matrix of the waveguide as:
Note that the scattering matrix of the waveguide is unitary since we neglected the losses. In order to verify the scattering matrix of the above equation, we perform numerical simulations using the aeroacoustics module of Comsol Multiphysics, which is a full-wave solver working based on finite element method (FEM). In our numerical simulations, we surround the waveguide by sound hard wall boundary conditions, and terminate it at plane wave scattering boundary conditions inducing the excitation. We further assume the material filling the waveguide to be air with a density of r 0 = 1.2 kg/m 3 and the bulk modulus of K = 142 kPa. Note that the choice of the filling medium is only for the sake of simplicity. We further remark that in the following, we neglect the Poiseuille flow originated from non-slippery walls, as our simulations show that its effect is indeed negligible. To measure the scattering parameters of the structure, we excite the waveguide from one end with a plane-wave sound field of unit amplitude and measure the phase of the signal receiving at the other end. Figure 2b To further assess the non-reciprocal behavior of the proposed device, we perform finite difference time domain (FDTD) simulation with a time step of 10 s . The insets of Figure 3a represent the excitation (solid blue line) and the transmitted (dashed red line) signals when the waveguide is excited from the left side and when a stationary fluid motion is considered ( = 0). As observed, the injected signal is received after a time delay of ∆ = = 2.1 ms. However, the received signal is still in phase with the excitation since the waveguide is multiple-wavelengths long. Now assume we impart a bias velocity of = 23 m/s to the fluid within the waveguide, corresponding to an additional Doppler phase shift of 180 degrees. Figure 3b represents the time profiles of the excitation and transmitted fields. As expected, the transmitted signal is led by 180 degrees with respect to the excitation. The promising feature of the device, however, relies not on this phase shift, but on the non-reciprocal phase shift that it provides for the backward propagation. Hence, we repeat our analysis when the waveguide is excited from the other side. Figure 3c ,d depict the temporal evolution of the corresponding excitation and transmitted signals in the cases of = 0 and = 23 m/s, respectively. We notice that, when = 0, the transmitted field had exactly the same time profile as that of Figure 3a . It is because of the fact that, as previously explained, the structure is reciprocal for the stationary fluid velocity. When = 23 m/s, however, the transmitted field is lagged (not led) by 180 degrees with respect to the excitation, clearly confirming the non-reciprocity of the structure. Such simple non-reciprocal phase shifters can be utilized as the building blocks for the synthesis of more complex non-reciprocal devices such as gyrators, isolators, and circulators, among which the realization of the gyrator is discussed in detail in the following section. To further assess the non-reciprocal behavior of the proposed device, we perform finite difference time domain (FDTD) simulation with a time step of 10 5 s. The insets of Figure 3a represent the excitation (solid blue line) and the transmitted (dashed red line) signals when the waveguide is excited from the left side and when a stationary fluid motion is considered (n 0 = 0). As observed, the injected signal is received after a time delay of Dt = L c = 2.1 ms. However, the received signal is still in phase with the excitation since the waveguide is multiple-wavelengths long. Now assume we impart a bias velocity of n 0 = 23 m/s to the fluid within the waveguide, corresponding to an additional Doppler phase shift of 180 degrees. Figure 3b represents the time profiles of the excitation and transmitted fields. As expected, the transmitted signal is led by 180 degrees with respect to the excitation. The promising feature of the device, however, relies not on this phase shift, but on the non-reciprocal phase shift that it provides for the backward propagation. Hence, we repeat our analysis when the waveguide is excited from the other side. Figure 3c ,d depict the temporal evolution of the corresponding excitation and transmitted signals in the cases of n 0 = 0 and n 0 = 23 m/s, respectively. We notice that, when n 0 = 0, the transmitted field had exactly the same time profile as that of Figure 3a . It is because of the fact that, as previously explained, the structure is reciprocal for the stationary fluid velocity. When n 0 = 23 m/s, however, the transmitted field is lagged (not led) by 180 degrees with respect to the excitation, clearly confirming the non-reciprocity of the structure. Such simple non-reciprocal phase shifters can be utilized as the building blocks for the synthesis of more complex non-reciprocal devices such as gyrators, isolators, and circulators, among which the realization of the gyrator is discussed in detail in the following section. The same process has been followed when the waveguide is excited from the right side. In the case of the stationary fluid (panel c), the time evolution of the transmitted signal is exactly identical to that of panel a, stemming from the reciprocity of the structure. When assuming = 23 m/s, however, the received signal is lagged (not led) by 180 degrees with respect to the input field, manifesting the non-reciprocity of the structure in phase.
Acoustic Gyrator
This section describes how an acoustic gyrator can be implemented making use of the nonreciprocal phase shifter that was demonstrated in the previous section. A gyrator is a fully passive, lossless two port device. Over the past decades, gyrators have been utilized not only for the network realization of two port components, but also as the building blocks of microwave filters, isolators, impedance converters, and equalizers [1] . The scattering matrix of an ideal gyrator is of the form 0 1 S 1 0 = − ( 2 ) which means that a gyrator transmits forward waves without any phase shift, whereas it shifts the phase of backward waves by 180 degrees. Suppose now that the velocity of the fluid filling the waveguide of Figure 1a is chosen such that it corresponds to a phase shift of 90 degrees for forward, but that of −90 degrees for backward propagation (Figure 4a) . The scattering matrix of the resulting phase shifter then reduces to The same process has been followed when the waveguide is excited from the right side. In the case of the stationary fluid (panel c), the time evolution of the transmitted signal is exactly identical to that of panel a, stemming from the reciprocity of the structure. When assuming n 0 = 23 m/s, however, the received signal is lagged (not led) by 180 degrees with respect to the input field, manifesting the non-reciprocity of the structure in phase.
This section describes how an acoustic gyrator can be implemented making use of the non-reciprocal phase shifter that was demonstrated in the previous section. A gyrator is a fully passive, lossless two port device. Over the past decades, gyrators have been utilized not only for the network realization of two port components, but also as the building blocks of microwave filters, isolators, impedance converters, and equalizers [1] . The scattering matrix of an ideal gyrator is of the form
which means that a gyrator transmits forward waves without any phase shift, whereas it shifts the phase of backward waves by 180 degrees. Suppose now that the velocity of the fluid filling the waveguide of Figure 1a is chosen such that it corresponds to a phase shift of 90 degrees for forward, but that of 90 degrees for backward propagation (Figure 4a ). The scattering matrix of the resulting phase shifter then reduces to
which is quite similar to the scattering matrix of an ideal gyrator, apart from a phase factor of e j ⇡ 2 . This constant phase factor, however, should not cause any concern as it can always be compensated by cascading the phase shifter with a regular reciprocal system that shifts the phase of the travelling waves by 90 degrees for both propagation directions. Hence, our non-reciprocal phase shifter indeed works as an acoustic gyrator for this choice of bias velocity. To prove this, we again perform time domain simulations, assuming a bias velocity motion of n 0 = 12 m/s. Figure 4b depicts the transmitted signals corresponding to the forward (the solid red line) and backward (the solid blue line) propagation. Notice that the excitation signal is also marked with the dashed black line in the figure. It is obvious that there exists a differential transmission phase shift of 180 degrees between the forward and backward waves. It is further observed that the transmitted signal is led (lagged) by 90 degrees with respect to the excitation for forward (backward) propagation. These obviations are in accordance with the scattering matrix of Equation (3). The pressure field distributions corresponding to the forward and backward transmissions are also depicted in Figure 4c 
which is quite similar to the scattering matrix of an ideal gyrator, apart from a phase factor of j 2 e π . This constant phase factor, however, should not cause any concern as it can always be compensated by cascading the phase shifter with a regular reciprocal system that shifts the phase of the travelling waves by −90 degrees for both propagation directions. Hence, our non-reciprocal phase shifter indeed works as an acoustic gyrator for this choice of bias velocity. To prove this, we again perform time domain simulations, assuming a bias velocity motion of = 12 m/s . Figure 4b depicts the transmitted signals corresponding to the forward (the solid red line) and backward (the solid blue line) propagation. Notice that the excitation signal is also marked with the dashed black line in the figure. It is obvious that there exists a differential transmission phase shift of 180 degrees between the forward and backward waves. It is further observed that the transmitted signal is led (lagged) by 90 degrees with respect to the excitation for forward (backward) propagation. These obviations are in accordance with the scattering matrix of Equation (3) . The pressure field distributions corresponding to the forward and backward transmissions are also depicted in Figure 4c 
Conclusions
In summary, we proposed a non-reciprocal acoustic phase shifter, providing different phase shifts for the forward and backward propagation of sound waves. To this end, we considered a simple acoustic waveguide that was filled with air. When the air within the waveguide was stationary, the signals travelling inside the waveguide experienced the same amount of phase shift regardless of the propagation direction. However, when a constant bias velocity was applied to the air, the structure became non-reciprocal and the sound waves travelling in opposite directions were subjected to different phase shifts. We further showed that, by changing the amount of bias velocity, one can tune the corresponding differential phase shift. Setting the differential phase shift to 180 degrees, we then realized an acoustic gyrator.
In comparison with the proposals leveraging nonlinear effects to induce non-reciprocity for acoustic waves, the main advantage of our scheme is that it is a fully linear. While non-reciprocal acoustic devices based on non-linearities only work for certain (high) levels of input power, the proposed non-reciprocal acoustic phase shifters and the gyrator work properly regardless of the amount of input power. Such linear non-reciprocal devices may have potential applications to realize various miniaturized and efficient components including isolators, circulators, band pass filters, power controllers, and modulators to mention a few.
